A coplanar waveguide fed dual-band circularly polarized rectangular slot antenna is presented. The proposed antenna consists of a rectangular metal frame acting as a ground and an S-shaped monopole as a radiator. The spatial distribution of the surface current density is employed to demonstrate that the circular polarization is generated by the S-shaped monopole which controls the path of the surface currents. An antenna prototype, having overall dimension 37 × 37 × 1 mm 3 , has been fabricated on FR4 substrate with dielectric constant 4.4. The proposed antenna achieves 10 dB return loss bandwidths and 3 dB axial ratio (AR) in the frequency bands 2.39-2.81 GHz and 5.42-5.92 GHz, respectively. Both these characteristics are suitable for WLAN and WiMAX applications.
Introduction
The rapid development in wireless communications with different standards has resulted in a huge demand for multiband antennas. Coplanar waveguide (CPW) fed slot antennas exhibit attractive features for multiband applications because of its favorable characteristics, such as wide bandwidth, light weight, low profile, less sensitivity to manufacturing tolerances, and easy integration with microwave integrated circuits. Circular polarization (CP) antennas have attracted much attention in the design of wireless systems since they are more effective in receiving and transmitting signals having arbitrary directions and polarizations. In addition, they can limit the multipath effect caused by walls and ground surfaces [1] . Moreover, the circular polarization provides better mobility and a field propagation less sensible to weather condition. Both these characteristics may prove useful in WLAN and WiMAX applications.
Several single-fed dual bands design solutions for the excitation of the circular polarization have been recently proposed in the literature [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Some of these solutions consist in the realization of an asymmetrical four-arm structure [7] or in spiral slots integrated in the ground plane [8] . A CPW-fed circular fractal slot antenna for dual-band applications has been presented in [9] . However, only few designs of coplanar waveguide single-fed dual-frequency slot antennas for circular polarization have been reported in literature [9] [10] [11] . In any case, all the mentioned antennas have a complex structure. In this paper, a novel design of a CPWfed CP antenna with dual-band operation is introduced. The proposed antenna is formed by a rectangular metallic frame, acting as ground plane, inside which an S-shaped monopole is placed. The S-shaped monopole changes the path of the currents making the antenna more compact and suitable to excite a dual-band CP operation. The field vector composition, based on the surface current distribution flowing on the monopole and on the metal frame, is employed to explain the excitation of the dual-band CP operation. The antenna can find applications in wireless communication systems such as wireless routers and wireless access points. Details concerning the antenna design and experimental results are presented and discussed. Figure 1 shows the geometry and the photograph of the realized antenna. The antenna is printed on a low cost FR4 substrate having thickness 1 mm, dielectric constant 4.4, and loss tangent 0.02. The area of the antenna is 1 × 1 . 2 and 2 are the width and height of the rectangle slot. The S-shaped monopole, composed of 6 straight metal sections of width 2 and the lengths of 1 , 2 , 3 , 4 , 5 , and 6 , respectively, is fed by the coplanar waveguide. The CPW, designed for a 50 Ω characteristic impedance, consists of a stripline having width equal to 2 mm and a gap of 0.25 mm, respectively. The feed line is terminated with a standard SMA connector.
Antenna Configuration and Analysis

Configuration of the Proposed Antenna.
The full-wave commercial software Ansys HFSS has been adopted to determine the antenna performances. After completing the optimizing process the following antenna parameters were derived: 1 = 37 mm, 1 = 37 mm, 2 = 28 mm, 2 = 27 mm, 1 = 5.5 mm, 2 = 2.5 mm, = 2.5 mm, 1 = 2 mm, 2 = 1.5 mm, 1 = 9 mm, 2 = 12.5 mm, 3 = 21 mm, 4 = 11 mm, 5 = 22.5 mm, and 6 = 5 mm. With these parameters an antenna with an impedance band in the frequency ranges 2.27-2.81 GHz and 4.94-6.08 GHz and with an axial ratio below 3 dB in the 2.39-2.98 GHz and 5.42-5.92 GHz frequency bands, respectively, is obtained. These features ensure the coverage of the frequency bands WLAN and WiMAX. Figure 2 illustrates the topological changes necessary to modify a straight monopole (Antenna Type I) into a more compact antenna having the desired dual-band characteristic (Antenna Type III), while Figure 3 (a) shows the related 11 parameters.
Antenna Evolution and Dual-Band Operation.
In general, the length of monopole antenna is usually about a quarter-wavelength. Notice that the fundamental resonance frequency of Antenna Type I is of about 2.5 GHz, while the high-order resonant modes are employed to excite the circular polarization in the proposed S-shaped monopole antenna (see Figures 8 and 9 ). When the antenna is operating at its resonant frequency, the imaginary part of its impedance becomes about zero. The simulated results of the input resistance and reactance of the three types of the antenna are shown in Figures 4(a) and 4(b). The surface currents of Antenna Type I have many null points due to the high-order modes, which will cause a deterioration of the radiation pattern. The current distribution along the Sshaped monopole (Antenna Types II and III) is different from that flowing on the straight monopole (Antenna Type I), exciting in this way a circularly polarized field whose AR, along the positive -direction for Antenna Types II and III, are reported in Figure 3 best performance and consequently is the one that has been realized. The excitation of the circular polarization and the effect of the ground parameters on the antenna performance will be discussed in the next sections.
Parametric Study.
In order to investigate the effects of various parameters on the antenna performance, an extensive parametric analysis has been performed. To this purpose each antenna parameter was changed keeping the others to a constant value. Unless specified, the fixed parameters were chosen so to coincide with those of the optimized design.
The length of each stub ( = 1∼6) of the S-shaped monopole is the key parameter of the antenna performance. As an illustration, the frequency behavior of the 11 parameters and that of the axial ratio computed along the positive -direction, for different lengths of the parameters 4 and deteriorated at the lower band and improved at the upper band as the length 5 decreases. 4 = 11 mm and 5 = 22.5 mm are the optimum design for the AR. As mentioned above, the parameters of the rectangular slot ( 2 , 2 ), which can be seen as a ground extension of Antenna Type II, can affect the impedance and AR bandwidth of the antenna. A parametric analysis is performed to evaluate the influence of these parameters on antenna characteristics. Figures 6 and 7 show the frequency behavior of the 11 parameters and AR along the positive -direction for different values of the antenna geometrical parameters 2 and 2 . It can be seen that 2 and 2 , which affect the impedance matching of the antenna, have a great effect on AR at the lower frequency but less effect at the upper frequency. According to these simulation results 2 = 28 mm and 2 = 27 mm are chosen as the optimal value.
Circular Polarization Analysis.
To excite the circular polarization, the antenna must radiate fields of equal magnitude that are orthogonal in space and in time. In order to illustrate how the circular polarization is achieved, the simulated surface currents distributions at 2. when the phase of the exciting signal is 0 ∘ and 90 ∘ , are shown in Figures 8 and 9 , respectively. The analysis based on the current vector composition employed in [11] is adopted to identify the polarization state of the radiated field. However, since the adjacent surface currents with the same intensity and opposite directions do not provide contribution to the far field, they are not taken into account. From the analysis of Figures 8 and 9 it is clear that the dominant radiating vectors on the antenna surface excite a right-hand polarized field along the positive -direction at the considered frequencies of 2.5 GHz and 5.75 GHz.
Results and Discussion
An antenna prototype has been realized to verify the performances of the proposed antenna. The antenna has been analyzed using a full-wave commercial software (Ansys HFSS 15). The measures of the scattering parameters have been carried out by using a WILTRON37269A vector network analyzer, while those concerning the radiation patterns have been derived by means of a fully automated anechoic chamber.
The measured and simulated -parameters results are depicted in Figure 10 . The antenna presents a simulated bandwidth ( 11 ≤ −10dB) of 21.3% (2.27-2.81 GHz) and 20.7% (4.94-6.08 GHz) and a measured bandwidth of 18.5% (2.31-2.78 GHz) and 22.6% (4.99-6.26 GHz) in the first and second operative band, respectively. The simulated and measured values of the axial ratio (AR < 3 dB) in the direction of maximum radiation (along the -axis direction) are shown in Figure 11 . From Figure 11 it appears that the proposed antenna exhibits excellent circular polarization. In particular, simulated axial ratio bandwidths of 21.9% (2.39-2.98 GHz) and 8.8% the experimental measurements. Therefore, the operative bands of the antenna, that is, those where both the impedance and axial ratio requirements are satisfied simultaneously, are between 2.39 and 2.81 GHz and between 5.42 and 5.92 GHz, respectively. Figure 12 shows the measured and simulated radiation pattern for -plane and -plane at 2.5 GHz and 5.75 GHz, respectively. From Figure 12 15 dB and 8 dB in the lower band and the higher band, respectively. The gain of the proposed antenna is measured by using the comparison method. To this end the gain measurement was performed combining the vertical and horizontal field levels measured using a linearly polarized Standard Gain Antenna. Antenna gains of about 3.3 dBi, in the lower band, and of about 3.8 dBi, in the higher band, are observed along the -direction (see Figure 13) . The radiation efficiency using wheeler cap method [12] is also incorporated in Figure 13 , which shows an average efficiency of 80% and 83% in the first and second bands, respectively.
Conclusion
A novel dual-band circularly polarized CPW-fed rectangular slot antenna has been presented. The vector composition of the surface current distribution has been employed to demonstrate that the S-shaped monopole is suitable to control the currents path so to excite the circular polarization. Finally, the experimental measurements performed on a prototype have shown that the proposed antenna achieves a 10 dB return loss in the frequency bands 2.31-2.78 GHz and 4.99-6.26 GHz, respectively, while it exhibits a 3 dB axial ratio in the frequency bands 2.30-2.80 GHz and 5.40-5.90 GHz. Therefore, it appears as a good candidate for communications requiring circular polarizations in the WLAN and WiMAX frequency bands.
